Introduction
Morphogenesis of the diarthrodial joint has been divided into two phases: the formation of the cartilaginous anlage and the development of the functional joint cavity (Bernays, 1878) . The latter involves, in addition to growth, the formation of a cavity and differentiation of the associated synovial structures (Andersen, 1964; Fell and Canti, 1934) . Although various hypotheses, including cell death (Mitrovic, 1971 (Mitrovic, ,1972 and vascular ingression (Mitrovic, 1974) , have been proposed to explain the cavity formation process, the mechanisms that are essential for the generation and subsequent maintenance of the fully functional diarthrodial joint remain enigmatic.
Using histochemical techniques, Andersen and BroRasmussen (1961) described the presence of a metachromatic substance in the extracellular matrix (ECM) of the developing interdigital zone. tivity, which was subsequently maintained after cavitation. Immunocytochemistry showed that high levels of expression of HA synthase were localized to these same cells. In addition, radiolabeled sulfate autoradiography showed that cells bordering developing cavities incorporated relatively little sulfate, suggesting that UDPglucuronate is utilized in the synth&is of undersulfated or non-.sulfated glycosaminoglycans. These results indicate that the differentiation of cells bordering presumptive spaces may involve alterations associated specifically with difkrential synthesis of HA, which appears to be a primary event in joint cavity formation. ( J H&o&em Cyto&em &:263-273, 1995) KEY WORDS: Hyaluronan; Cavitation; Glycosaminoglycan synthesis; Synovium; Chick; Embryonic; Joint: Development: Quantitative in situ biochemistry; Immunocytochemistry. Munaron (1954) suggested that this substance may be hyaluronan (HA), on the basis that it was lost from sections pre-treated with a hyaluronidase. These conclusions were subsequently discounted by Andersen (1962) , who showed that the particular hyaluronidase used was not specific for HA. Nevertheless, studies using radiolabeled precursors (with autoradiography and biochemical analysis of isolated labeled macromolecules) have suggested that HA constitutes a major component of the material extracted from other newly forming spaces at another embryonic site, into which neural crest cells migrate during craniofacial development (Pratt et al., 1975) . These observations have been considered indirect evidence that HA is involved in establishing and maintaining spaces during development.
Recently, using immunocytochemical and histochemical staining for ECM components in sections of developing chick metatarsophalangeal joints, it was suggested that the initial cavity may be produced as a result of differential matrix turnover at the presumptive joint space (Archer et al., 1991; Craig et al., 1987) . Using biotinylated HA-binding region link-protein complex, Craig et al. (1990) described the appearance of free HA at the joint line concomitant with the first signs of cavitation. It was postulated that HA may be produced and secreted into the presumptive joint space area and that, unlike the HA and proteoglycans (PGs) present in the opposing epiphyseal cartilage, the absence of a collagen network in the presumptive cavity may allow the HA to achieve its natural swelling potential (Laurent, 1989; Oster et al., 1985) . However, these observations have several limitations. First, HA staining using biotinylated HA-binding region (HABr) may not be a meaningful measure of local concentration at particular sites. Staining may be absent from areas in which the HA is saturated with PG monomer, resulting in a lack of available binding sites for HABr.
Second, the site and dynamics of HA synthesis remain speculative. Therefore, the presence of staining for HA in embryonic spaces may indicate that local synthesis of HA is involved in the genesis of the space or, altemativelp that HA diffuses into a space already formed by other mechanisms. To distinguish these possibilities it seemed pertinent to study the distribution and activities of enzymes involved in the synthesis of HA in developing joints during cavitation.
In the biosynthesis of HA, a polysaccharide composed ofrepeating disaccharide units of glucuronate linked to N-acetylglucosamine (Laurent, 1989) , the substrates, i.e., UDFglucuronate and UDP-N-acetylglucosamine, are transferred altemately to nascent HA by the enzyme HA synthase (Prehm, 1983) . Uridine diphosphoglucose dehydrogenase (UDPGD; EC. 1.1.1.22) is the enzyme responsible for the conversion of uridine diphosphoglucose (UDFglucose) to UDP-glucuronate. It has been suggested that UDPGD is the irreversible (Molz and Danishdsky, 1971) rate-limiting (McGarry and Gahan, 1985) step in the synthesis of UDP-glucuronate and, using enzymes isolated from newbom pig epiphyseal plate cartilage and from bovine cornea, DeLuca et al. (1975 DeLuca et al. ( ,1976 DeLuca et al. ( ,1984 showed that UDPGD may have a central role in the nature of monosaccharides produced by the utilization of UDP-glucose. i.e., UDPGD activity constitutes a key branch point in the synthesis of glycosaminoglycans (GAGS).
Assessment of the site and, of particular importance, the rate of specific enzyme activities in individual cells within a heterogeneous tissue such as the developing limb bud is difficult to achieve by conventional biochemical techniques (Kulyk and Kosher, 1987) . Cellular biochemistry or quantitative in situ biochemistry, coupled with scanning and integrating microdensitometry, has been developed as a quantitative procedure to achieve these aims (Chayen and Bitensky, 1992; Chayen, 1984) . Using such a quantitative assay for UDPGD activity (Mehdizadeh et al., 1991) , it was shown that UDPGD activitykell in intimal fibroblast-like synoviocytes was six or more times higher than in cells in the synovial subintima (Pitsillides et al., 1993) . This suggested that measurement of UDPGD activitylcell may be a useful indicator of the ability of a cell to synthesize HA, which is found at particularly high concentrations in synovial fluid (Balazs et al., 1967) . Using the novel application of such in situ quantitative biochemical methods to embryonic limb buds, in conjunction with immunocytochemical staining for HA synthase and autoradiographic assessment of levels of radiolabeled sulfate incorporation, the aim of this study was to evaluate the role of local cells in the alterations in HA synthesis during formation of the metatarsophalangeal joint cavity.
Materials and Methods
Fertilized White Leghorn chick embryos were maintained at 37'C ( * YC) in a humidified atmosphere and used between Stages 28 and 42 (Hamburger and Hamilton, 1951) . In older embryos (later than Stage 36). hindlimbs were dissected by amputation through the upper ikmur, and in younger embryos (<Stage 36). hindlimbs were removed at the hip joint to facilitate easy handling of the samples. The samples were immersed briefly (up to 2 min) in a 5% aqueous solution of polyvinyl alcohol (Grade GO4/140) Wacker Chemicals; Walton-on-Thames, UK) and then chilled by precipitate immersion in N-hexane (Merck, Luaemrth, UK; grade low in aromatic hydrocarbons) maintained at -70'C. The tissue was stored in precooled tubes at -70'C for not longer than 2 weeks (Chayen and Bitensky, 1992) .
Sections (10 pm) of at least eight metatarsophalangeal joints from chicks at each of the specified stages were cut in a Bright's cryostat (Bright Instruments, Huntingdon, UK) with the cabinet temperature at -25°C and with the knife cooled with solid CO2 packed around its haft. The sections were flash-dried onto slides that had previously been coated with 3-aminopropyltriethoxy-silane. UDPGD activity was assessed in sections that had been stored for up to 30 min in a desiccator. Serial sections used for immunocytochemical localization of HA synthase enzyme or for histochemical aSSeSSment of HA distribution were dried at room temperature (RT), wrapped in tinfoil, and stored at -70'C until required. The histology of these sections was compared with serial sections stained with 0.1% toluidine blue (in 0.1 M acetate buffer, pH 6.1). washed, dehydrated, and mounted in DPX (Merck).
Rreplntion of Biotinylated HABr and Staining for HA. HABr was prepaced from pig laryngeal cvtilagc as described by Hardingham (1988) . Briefly, PG aggregates were extracted using 4 M guanidine-HC1 in Na-acetate, pH 5.8, containing EDTA, 6-Uninohaanoic acid, phenylmethanedfonyl fluoride, and benzamidine-HC1, and purified using a cesium chloride density gradient. HABr was then isolated by sequential digestion with chondroitinase ABC and trypsin, followed by gel exclusion chromatography on Sepharose CL6B (Pharmacia; Uppsala, Sweden), and finally by HPLC on a TSKW 4000 column (Anachem; Luton, UK) (Bonnet et al., 1985) . HABr was biotinylated using the methods of Ripellino et al. (1985) . Briefly, HABr was reassociated with excess exogenous HA to protect the functional binding site (Heinegard and Hascall, 1979) . biotinylated with biotinyl N,Nhydroxysuccinimide ester, and separated from the HA on a TSKW 4000 column eluted with 4 M guanidine-HC1. The lyophilized protein was stored at -20°C in PBS at a concentration of 1 mg/ml.
For histochemical staining of free HA, cryostat sections (10 pm) from each limb (at least six at each stage) were dried. After a briefwash (10 min) in PBS, pH 7.4, they were fmed in acetone and incubated with 75 pglml biotinylated HABr in %-buffered saline, pH 7.6 (TBS), overnight at RT.
After incubation the sections were washed three times (30 min total) in TBS, incubated with alkaline phosphatase-conjugated sueptavidin (Dako;
High Wycombe, UK) in TBS containing 20% normal chicken serum (Sera-Lab; UK) for 30 min. and then washed. Subsequently, sections were incubated in medium containing naphthol-ASMX phosphate (0.2 mglml) (Sigma; hole, UK), Fast Red TR salt (1 mglml; Sigma) and levamisole (0.1 mM; Sigma), an inhibitor of endogenous alkaline phosphatase activity, in 0.1 M Tris bu&r (pH 8.2). Finally, sections were washed and mounted in Apathy's mounting medium (Merck).
Controls included sections pre-treated with 5 turbidity-reducing units of Streptomyces hyaluronidase (Calbiochem; San Diego, CA) in 0.1 M acetate buffer containing protease inhibitors (100 mM aminocaproic acid, 10 mM ElYL4, and 5 mM benzamidine-HCl); sections pre-treated with HABr pre-incubated with 100 pglml chondroitin sulfate (Sigma) or 100 pglml HA oligosaccharides, produced by degradation of human umbilical HA (Sigma) with hyaluronidase (West and Kumar, 1989) ; or sections incubated without HABr. All pre-treatments were for 4 hr.
Assessment of UDFGD Activity. For assaying UDPGD activity (Mehdizadeh et al., 1991) . sections from at least four embryos (at least six limbs) at each of the stages were incubated at 37'C (in an atmosphere of nitro-gen), in medium containing 5.3 mM UDP-glucose (3.0 mglml; Sigma), 1.5 mM NAD (1.0 mglml) (Boehringer Mannhek, Lcwcs, UK) in 30% (wlv) polyvinyl alcohol in 0.05 M glycylglycine buffer, pH 7.8. Medium was saturated with nitrogen and the pH adjusted to pH 7.8. Just before use, 3.7 mM nitroblue tetrazolium (3.0 mglml; Sigma) was added and, unless otherwise stated, the reaction time was 40 min. As controls, serial settions were incubated in full medium including 0.2 mM UDP-xylose (0.21 mglml; Sigma) an inhibitor of UDPGD activity (Gainey and Phelps, 1975) . or in reaction medium lacking substrate (no UDPG). After the reaction time, sections were washed in water, dried and mounted in Aquamount (Merck).
The amount of precipitated formazan in cells at various histologically defined sites in the chick limb was measured with a Vicken M85A scanning and integrating microdensitometer at a wavelength of 560 nm with a x 40 objective lens and a scanning spot of 0.5 pm in the plane of the section. Briefly, two sets of measurements were made: fmt, to assess changes in UDPGD activitylcell associated with joint cavitation, measurements were made of cells at (interzone or "surface") or close ("deep") to the site of cavitation; and second, to assess patterns ofrelative UDPGD activitylcell within developing limbs, measurements were made at =rent sites d y through the proximodistal aspect.
To assess alterations in the UDPGD actiiitylcell associated with cavitation, measurements were made in 20-50 cells within each of the defhed sites, in duplicate sections from limbs of at least three embryos (at least five individual limbs) at each ofthe various developmental stages. In joints that had not cavitated (up to Stage 37). measurements were made in cells in the interzone and in the chondrocytes ofthe cartilage either side ofthis zone. At later stages, measurements were made in cells at the cartilaginous articular surfaces and adjacent underlying epiphyseal chondrocytes in both the metatarsus and phalanx. These measurements were converted into units In addition, measurements were made through the proximodistal axial aspect of limbs. Up to Stage 37 (at Stages 30, 36, and 37). individual cells in this plane were measured in proximodistal sequence in triplicate sections of single representative limbs, and lines of best fit for relative UDPGD activity/ccll were produced by application of a non-linear line-smoothing program (Minitab: Rsmooth program; Velleman, 1980) . At Stage 42, between 20-30 Wially positioned cells were measured in duplicate sections at each of the histologically dcfiied sites in limbs from three chicks, and these results were expressed as mean UDPGD activitylcell * SEM.
Staining for HA Synthase Enzyme. Monoclonal antibodies were prepared against sueptomccd HA synthase by Klewcs et al. (193) . who showed that the antibody specificity of the antibody extended to HA synthase isolated from eukaryotic E% hybrid cells derived from mouse mammary carcinoma and a Chinese hamster lung cell line shown to produce large amounts of HA. Sections (serial sections to those reacted for UDPGD activity: at least five at each stage) were f m d in acetone at 4'C for 5 min and exposed to an antibody (IgM) to HA synthase at a 1 5 dilution in TBS at RT for 1 hr. Sections were washed in TBS and incubated with biotinylated goat anti-mouse (anti-IgM) antibody (SeraLab) at 1:lO dilution in TBS containing 20% normal chicken serum (NCS) for 30 min. After a brief wash in TBS, the sections were incubated for 30 min with alkaline phosphataseconjugated streptavidin (Dako) in TBS containing 20% NCS and then washed. Finally, sections were reacted for alkaline phosphatase activity as described above, washed in distilled water, and mounted in Apathy's medium.
Radiolabeled Sulfate Incorpontion Studies. Limbs (six at each stage) removed from chicks at between Stages 28-42 were incubated at 37'C in Dulbecco's minimal essential medium (DMEM with glutamine) (Gibco; Paisley, UK) containing 20 pCi/ml radiolabeled [35S]-sulfate (sodium salt) (Amenham Intcmational; Chalfont, UK) for 18-24 hr. After incubation, the limbs were washed, fimd in 10% formal-saline, and stored at 4°C. Thess were dehydrated through a series ofgraded alcohol concentrations and waxembedded. Sections were cut at a thickness of7 pm on a rotary microtome, mounted on alcohol-washed slides, and dried. After rehydration, the sections were dipped in Ilford K2 emulsion (Ilford Products; Knutsford, UK), allowed to dry, and stored at 4'C in the dark for 1-3 weeks. Finally. the autoradiographs were developed (in D19; Ilford) for 10 min at 20'C. f m d in Unifii (Kodk, Hemel Hempstead, UK) , and counterstained with 0.1% aqueous eosin solution for 2 min, dehydrated in a graded series of alcohols, cleared in xylene, and mounted in DPX (Merck).
Results

Staining for HA Using~ HABr
Using biotinylated HABr, a fine band of increased staining for free HA was evident in the developing interzone of metatarsophalangeal (MTP) joints at Stages 28-30 ( Figure 1A) . At Stages 35-36, as the MTP joint s h w the first signs of Overt cavitation, the relative intensity of staining for HA in the interzonal ECM remained high, with increases at the presumptive joint space (Figure 2A ).
At these stages, cells directly bordering the area of intense staining were relatively devoid of staining (see Figure 2A ). At Stages 37 and 38, the MTP joints showed staining for free HA at both fibrocartilage surfaces ( Figure 3A) . Furthermore, during these and later stages, the fibrocartilaginous matrix just below the articular surfaces showed virtually no staining ( Figures 3A and 4A ). In contrast, surfaces of the metatarsus and phalanx were often associated with HA staining and, indeed, free HA was evident at most surfaces lining the cavity ( Figure 4A ). After cavitation (at Stages 41 and 42). HABr staining was found at the intimal surface of the synovial membrane, with very little staining in deeper (subintimal) synovial layers. HA staining was also evident surrounding developing tendon sheaths (not shown).
Sections pre-treated with hyaluronidase showed no staining for HA in MTP joints. Staining was totally abolished when sections were exposed to HABr pre-incubated with HA oligosaccharides, totally absent in sections incubated without HABr, and unaffected when HABr was pre-treated with chondroitin sulfate (not shown).
Assessment of UDPGD Activity
Findings are presented as (a) specificity of the cytochemical reaction, (b) comparison between UDPGD activitykell in the developing interzone and articular surfaces with epiphyseal chondrocytes close to these regions, (c) zonal variation in UDPGD activitykell, and (d) general observations. Specificity ofthe Cytochemid Reaction. The specificity ofthe reaction for UDPGD activity was validated by reacting serial sections oflimbs at di&rent stages in full reaction medium (+UDPG), medium lacking substrate (-UDPG), and full medium containing UDP-xylose. At Stage 41, activity in chondrocytes was higher in the presence of substrate, and when sections were incubated in full medium containing UDP-xylose the activity decreased to levels recorded in the absence of substrate (see Figures 5A-5C ). Similar levels of substrate dependence and inhibition with UDP-xylose were found at all stages investigated.
Increased NAD concentration (essential coenzyme) resulted in increases in substrate-specific activity, e.g., substrate-specific ac- 
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tivity increased from 6.8 to 14.8 U when NAD concentration was increased from 0.3 to 1 mg/ml ( Figures 5D-5G ). Therefore, it was most appropriate to define UDPGD activity as the difference between the activity recorded in sections reacted with and without added substrate. Multiple sections from a single limb showed only a small variation, e.g., eight serial sets of sections (consisting of at least two pairs reacted both with or without substrate; first and last sets 400 bm apart) of a limb at Stage 42 produced a maximal deviation of 18% from the mean activity (data not shown). In all regions, activity ( + UDPG) increased linearly with increasing incubation times up to 60 min.
Alterations in UDPGD Activity at the Site of Joint Cavitation. The substrate-specific activitykell (&rence between +UDPG and -UDPG) at various sites within the MTP joint at different development stages is shown in Xble 1. During the period before cavitation, activity in epiphyseal chondrocytes of the metatarsus ("deep") increased from 4.4 f 1.4 U (at Stages 28-30) to 23.7 2 2.6 U at Stage 38. Thereafter, the activity in these "deep" cells appeared to decrease. Similar trends were evident in the epiphyseal ("deep") chondrocytes of the phalanx. Furthermore, the results indicate an interelemental variation, with UDPGD activitykell in the metatarsus consistently higher than in the phalanx (comparing all available sites, p = 0.02 by t-test).
The results indicate, foremost, that UDPGD activity in interdigital areas (Stage <37) and later in fibrocartilage gf the developing articular surfaces (Stages >37, post-cavitation) was greater than in chondrocytes within the relevant epiphyses. Before cavitation, cells in the presumptive space showed 50% increases in UDPGD activity (not significant) over that found in the epiphyses ( Figure  1B At these stages, UDPGD activity was greater at the metatarsal surfaces than phalangeal surfaces ( p < 0.001 and 0.005, respectively).
Zonal Variations in UDPGD ActivitylCell. Diagrammatic representation of the patterns in relative UDPGD activity/cell at different sites within developing limbs and lines of best fit produced by application of a non-linear line-smoothing program to measurements of activity/cell made proximodistally within representative sections from individual limbs (at Stages 30, 36, and 37) are shown in Figures 8A-8C . At Stage 30 ( Figure SA) the highest UDPGD activities appear at the metatarsal surface, decreasing through the interzone to the lower levels apparent in the phalanx. At Stage 36, the interzonal cells showed the highest UDPGD activity ( Figure  8B ), and at later stages both articular surfaces showed increases in UDPGD activity ( Figure 8C ).
At advanced stages (Stage 42), the mean UDPGD activity (MIE x 100/ce11/40 min) in cells in the calcifying zone of cartilage was 3.2 U, increasing gradually to 15.0 U in the hypertrophic zone, and decreased sharply to 3.4 U in the cells of the resting zones nearer the articular surfaces (Figure 9 ). However, the activity in the most superficial zones of articular fibrocartilage was increased dramatically to 40.0 U of UDPGD activity (Figure 9 ). General Observations. Briefly, we observed that cells surrounding developing tendons and at the surface of the synovial lining had elevated UDPGD activity and that highest activity was found where tendons were closely apposed ( Figure 6A ). In fully cavitated joints, some areas of developing synovium that were continuous with the fibrocartilaginous articular surfaces had elevated levels of UDPGD activity.
Staining with H A Synthase Antibodies
Using the mouse monoclonal (IgM) antibody to HA synthase, staining at Stages 28-30 was intense in a band of cells (some eight cells thick) in the interzone ( Figure IC) , with less intense staining in the epiphyseal chondrocytes. At Stages 35 and 36, staining was localized to the surfaces of the metatarsus and phalanx ( Figure 2C) , with comparatively weak staining in the epiphyses. At stages >38, intense staining was restricted to cells bordering the cavity: the surfaces of metatarsus and phalanx ( Figure 7B) , the developing surface of the synovial lining ( Figure 7C) , and cells surrounding the forming tendon sheaths.
Studies of Radiolabeled SuFate Incorporation
On autoradiography, we found that at Stage 28 reduced amounts of labeled sulfate incorporation were present in the interzone compared with the epiphyses (Figure 10A) . At Stage 37, cells at articular surfaces appeared to show reduced levels of incorporation compared with epiphyseal cartilage of the metatarsus or phalanx ( Figure  1OB ). These decreased levels of labeling appeared to be most marked at sites of new cavity formation. In fully cavitated joints, epiphyseal cartilage was intensely labeled; in contrast, the fibrocartilage was almost devoid of incorporated sulfate ( Figure 10C ). We also observed that areas corresponding to phalangeal condyles showed higher levels of incorporation than other areas of the articular surface, suggesting that the level of incorporation varied across developing articular surfaces.
Discussion
The results presented indicate that before and during the separation of the cartilaginous elements, higher UDPGD activity was evi- 18.10 f 1.2  11.80 f 1.8   38 23.75 f 2.6 44.05 f 16.4 -37.35 f 8.3 20.55 f 3.3   41 11.87 f 3.1 23. 1.1 29.85 f 1.7 -20.71 f 2.7
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Deep
Surface Surface
Deep a In joints not yet cavitated (up to Stage 37), activity measured in interzonal cells and in epiphyseal chondrocytes closely apposed and either side of this zone.
In cavitated joints (after Stage 37). in cells at the forming articular surfaces ("surface") and close to the articular surface ("deep"). The interzone is no longer present after Stage 37. dent in cells within the interzone (50-80% increase). In fully cavitated joints, cells at articular surfaces have statistically significantly raised UDPGD activity (100-250% increase relative to epiphyseal chondrocytes) and are relatively rich in immunostaining for HA synthase. In addition, the peak in UDPGD activitykell was apparent at the exact site and in synchrony (Stage 38) with the first signs of overt cavity formation, and the level of HA synthase expression was increased at these same sites. These findings suggest that cells directly bordering sites of active cavitation have the capacity (Prehm, 1989) for increased HA synthesis and may contribute to local cavity formation. It may be useful to consider the process of cavitation in terms of two closely linked events: first, the loss of cohesion within the cartilaginous anlage at the presumptive joint line, which allows its separation to form distinct articulating elements and, second, movement of these elements apart to produce a fluid-filled space (synovial cavity). Along these lines, HA has been implicated in the loss of intercellular adhesion. It has been proposed that the inhibition of aggregation observed in several transformed cell lines in vitro by addition of excess HA may occur by a process of HA-receptor site saturation (Underhill and Toole, 1981) . In addition, HA is considered an essential component of cell-free, highly hydrated matrices responsible for facilitating cell invasion and, more importantly, the separation of cellular or fibrous tissues (Haddon and Lewis, '1991; Toole, 1982 Toole, .1991 . Therefore, increased local HA production may contribute to the loss of cohesion and the generation of fluid-filled spaces.
Loss of cohesion between cells at the presumptive joint space would be facilitated by a switch from the synthesis of cartilaginous matrix, with its associated tensile properties, to the synthesis of excess free HA (Toole, 1991; Craig et al., 1990) . This is consistent with immunohistochemical findings of reduced staining for keratin sulfate PGS and collagen I1 at the joint interzone (Craig et al., 1987) . Our findings relating to reduced levels of sulfate incorporation at the sites of high cellular UDPGD activity within the inter- zone support this idea. The immediate product of UDPGD activity, i.e., UDP-glucuronate, has three possible fates: first, it may be decarboxylated to UDP-xylose, necessary in the initiation of sulfated GAG chain elongation onto PG protein core; second, it may be used as a constituent monosaccharide of sulfated GAG (Hascall et al., 1991; reviewed by Roden, 1980) ; or finally, it may be used in the synthesis of HA (unsulfated). Therefore, the results of the autoradiography suggest that cells close to the forming joint space utilize UDP-glucuronate preferentially in the synthesis of HA rather than sulfated GAG. These observations are in keeping with those of Hinchcliffe (1977), who showed decreased levels of sulfate incorporation in the interzone using in ovo radiolabeling techniques. Furthermore, the concept of altered GAG synthesis at the potential joint line is supported by increases in the level of detectable HA synthase expression at such sites.
As proposed by Craig et al. (1990) , differential HA production at the interzone may also be involved in the formation of a space. The effective interstitial fluid hydrostatic pressure in embryonic connective tissue is not known, but in adult vertebrates the consensus is that it is subatmospheric by a few centimeters of water ( h i c k , 1987; Snashall, 1977; Guyton, 1963) . This implies that free interstitial fluid within connective tissue spaces will tend to be reab- sorbed into surrounding soft tissue unless it contains solutes capable of exerting an oncotic pressure (similar in magnitude to the interstitial fluid hydrostatic pressure). HA solutions similar to those found in synovial fluid of fully developed joints (Balas et al., 1967; Sundbland, 1953) will achieve this, and the complex interactions between locally synthesized HA in such a fluid space and the fibrous components at the surface of the surrounding connective tissue may also act to maintain a fluid space of relatively constant volume (Levick, 1989) . Along these lines, HA has been implicated directly in the generation of fluid spaces during embryonic development (reviewed by Toole, 1982) ; for example, it has been suggested that HA may be involved in the formation of a space between the external corneal epithelium and the corneal endothelium in the embryonic chick (Toole and Trelsted, 1971) . Similarly, HA has been implicated in the epithelial movement evident during the formation of semicircular canals in the inner ear of Xenopus (Haddon and Lewis, 1991) . Our studies suggest that during diarthrodial joint formation, local cells have a role in the synthesis of HA produced during the development of the fluid-filled synovial cavities. Effective hydrostatic pressures may be altered locally by processes involving differential growth at the site of potential cavitation and, later, between anlage and presumptive synovial tissue in particular. Indeed, in an elegant series of studies it was shown by Lewis (1977) that limbs removed from chicks exposed to tritiated thymi-4 calculated by application of a line-smoothing program to the data (Minitab; rsmooth programme), and the zone between the dashed lines (---) signifying the interzone. M, metatarsus; i ? phalanx. dine in ovo (before joint cavitation) and subsequently grafted onto unlabeled host chicks and allowed to develop and grow for a further 2-3 days failed to show evidence of growth in the interdigital zones, whereas the anlagen showed dilution of labeled cells, suggesting marked division and growth within the cartilage (Lewis, 1977) . Therefore, differential growth may set up a pattern of local forces responsible in part for the cavitation process. Nevertheless, the concept that a process of differential matrix production involving increased local synthesis of free HA may in some way facilitate the separation of the anlagen remains valid.
After cavitation, continued local production of HA may be important in the maintenance of the synovial space; in adults, the synovial lining has been implicated in such function. Indeed, although not as clearly defined as in adult synovium (Pitsillides et al.. 1993; Pitsillides and Blake, 1992) , the results show the presence of a layer of cells with raised UDPGD activity on the surface of developing chick synovium. However, at stages after initial joint cavity formation, highest UDPGD activitykell remained evident at chondrogenic surfaces, suggesting that in the chick these surfaces have a continued role in the maintenance of HA production, at least in ovo.
The activitykell at comparable sites within each element (metatarsus compared with phalanx at all stages) indicates that cells in proximally placed metatarsi have higher UDPGD activitykell than counterparts in the opposing distally placed phalanges. This k* . , .
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suggestion of what may represent a "proximal element domination" in terms of UDPGD activitykell was also observed in other elements of the foot. These observations may be consistent with persuasive morphological and histological findings presented by Holder (1977) . In these experiments, which were designed to investigate the role of differential growth in joint formation (see Summerbell, 1977) . individual structures of the chick elbow ioint were + removed at various stages, and it was found that cells in a very restricted zone at the surface of the humerus (proximal) appeared to be dominant to those in distally placed elements during elbow joint formation. Holder concluded, in agreement with Wolpert et al. (1975) , that cells in the interzone may be a distinct cell type differentiating according to information acquired at earlier stages. Our findings suggest that part of this differentiation may include the potential to switch to a phenotype capable of synthesizing excess free HA. Interestingly, it was shown recently that in group A streptococci the UDPGD gene mapped to a locus required for HA synthesis and that it was closely linked to a mutation which inactivates HA-synthase (Dougerty and van de Rijn, 1993) . Our studies indicate the possibility that coordinately controlled transcription of UDPGD and HA synthase may be involved in regulation of HA synthesis at the presumptive space. Nevertheless, these findings do not exclude the possibility that the alterations in UDPGD activity in cells within interdigital zones may be controlled, at least in part, by post-translational modification, as postulated by DeLuca et al. (1975 DeLuca et al. ( ,1976 DeLuca et al. ( ,1984 . These authors describe such modulation of UDPGD activity as central to the control of GAGS synthesized. H~~~~~, observations alone would not -lain the observed shift away from the synthesis of sulfated GAGS toward the synthesis of unsulfated free HA.
It is unlikely that the regulation of a developmental process such as joint cavitation relates to a single change in cell behavior (Adams and Watt, 1993) or, in this case, to an alteration in an individual biochemical characteristic of the cells at the site of cavitation. Indeed, as alluded to, changes in the synthesis of a number of components and differential local growth rates may contribute. Cell death may also be relevant (Mitrovic, 1971 (Mitrovic, ,1972 . although no clear evidence for such was found. Vascularization of the interzone does occur, but our observations in human embryonic joint formation (manuscript in preparation) suggest that vessels and associated macrophages do not penetrate the region of presumptive synovium and are unlikely to take part in anlage separation. In conclusion, these results indicate a close temporal and spatial association between the appearance of HA synthase, the accumulation of free HA without any associated increases in the levels of incorporated sulfate and, most markedly, increases in UDPGD activitykell in cells associated with the site of cavitation in the developing joint. This is evidence that the cells present at the presumptive joint line are responsible for the increase in synthesis of HA and that the differential synthesis of HA by these tissues may be a primary event in joint cavity formation.
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